Freezing and thawing is one of the most widely used tissue engineering techniques for the preservation of ovaries. Many cells and tissues demonstrate changes in functional gene expression after thawing. Several studies have reported the important roles of angiotensin (AT) system during the ovarian follicular growth. AT system consists of ATII, and ATII receptors type I (ATII-RI) and type II (ATII-RII). However, little is known whether frozen-thawed ovaries show any alteration of AT system member gene expression when treated with survival-enhancing factors. We aimed to investigate whether mass freezing and thawing with or without the use of Rho-associated kinase (ROCK) inhibitors up-or down-regulate the expression of ATII, ATII-RI, and ATII-RII genes on frozen-thawed ovarian tissues. Significant changes in the expression of ATII, ATII-RI, and ATII-RII genes were observed on thawed ovaries when compared to fresh control. The treatment with ROCK inhibitors did not significantly alter their expression. In conclusion, freezing and thawing of ovarian tissue may affect the mRNA expression levels of intra-ovarian AT system genes, and modulation of ROCK inhibitor activity may not regulate AT system on the frozenthawed ovarian tissue.
INTRODUCTION
In vivo and in vitro follicular development demands the roles of many intra-follicular regulating factors as well as endocrine female sex steroid hormones. Angiotensin (AT) system consists of ATII, and ATII receptors type I (ATII-RI) and type II (ATII-RII). The presence of prorenin, renin, angiotensinogen, ATII and its receptors has been identified in the ovary. ATII acts as a paracrine and autocrine regulator during the ovarian follicular development. It plays an important role in follicular steroidogenesis [1] , oocyte maturation [2] , and ovulation [3] through its receptors on granulosa cells. Its action has been suggested in both dominant [4] and atretic follicles [5] . Disorders of the intra-ovarian renin-AT system are involved in the ovarian tumors, polycystic ovary syndrome, and ovarian hyperstimulation syndrome [6] .
The long-term preservation of reproductive tissue mostly requires the bioengineering procedures of freezing and thawing [7] . For the therapeutic applications, the thawed ovaries may be transplanted to the recipient, however the in vitro follicular growth seems to be a feasible alternative to enhance the fecundability of subfertile couples [8] . Freezing and thawing allows the ovarian tissue to go through various structural [9] and functional [10] changes. The previous studies revealed that frozen and fresh ovarian tissue require different culture media to promote in vitro development of bovine pre-antral follicles [11] , and a few reports revealed increasing survival of cryopreserved cell with using Rho-associated kinase (ROCK) inhibitors [12] [13] [14] [15] . A few studies suggested that ROCK activity augment AT system in renal [16, 17] and vascular system [18] .
Considering the importance of AT system in the ovary, it is important to know any possible alterations of their expression that occur during or after the freezing and thawing process when in vitro follicular growth is attempted using thawed ovaries. However, to date, little is known about the changes in the expression of ATII and its receptors on the frozen-thawed ova- ries. In this investigation, the expression levels of ATII, ATII-RI and ATII-RII on the thawed ovaries were evaluated and analyzed according to the freezing-thawing protocols with or without the addition of ROCK inhibitors (Fig. 1) .
MATERIALS AND METHODS

Animal care and collection of ovaries
We used female C57BL6 mice for this study which was approved by the Institutional Animal Care and Use Committee of Seoul National University Hospital. Mice were kept under SPF settings on 12-hour interval light:dark cycles with an unlimited access to water and food until sacrificed using cervical dislocation [19] . The ovaries were collected from stunned animals after laparotomy and kept in Dulbecco's modified Eagle's medium with 10% fetal bovine serum.
H&E staining of ovaries before and after freezing
Isolated or thawed ovaries were fixed with 10% formalin for overnight at 4°C and processed for embedding. Briefly, samples were dehydrated and paraffin was infiltrated. Embedded paraffin block was sliced with microtome and prepared in slide for staining. Slide was stained using Harris hematoxyline and eosin according to manufacturer's protocol and mounted with Canada balsam solution. The images were captured using inverted microscope (Leica, Wetzlar, Germany).
Freezing-thawing of ovaries and ROCK inhibitor treatment
Isolated whole ovaries were washed with PBS and sequentially incubated with vitrification solution I (VS I, DMSO 7.5%, Ethylene glycol 7.5%, culture medium) for 3 minutes and VS II (DMSO 15%, Ethylene glycol 15%, 0.5 M sucrose, culture medium) for 30 seconds. And then, an ovary was put on to a small mesh with VS II solution drop and plunged into liquid nitrogen (LN2). Frozen ovary in the mesh was individually caped and stored in LN2 tank.
To thaw, frozen drop containing ovaries was put into thawing solution I (TS I, DMSO 7.5%, Ethylene glycol 7.5%, 1 M sucrose, culture medium) for 5 minutes, and then transferred to TS II (DMSO 15%, Ethylene glycol 15%, 0.5 M sucrose, culture medium) and incubated for 10 minutes. After that, the ovary was transferred to culture medium.
10 μM of ROCK inhibitor (Y-27632, Calbiochem) was treated for 1 hour before and after freezing by adding to incubation medium. Pre-treatment was achieved before ovaries put into VS I and post-treatment was processed in culture medium after incubation with TS II and transfer to fresh culture medium.
Quantitative analysis using FACS (Annexin V analysis)
Isolated ovaries were dissociated into single cells by treatment of Collagenase type IV (5 mg/mL) and DNase I (10 ug/ mL) for 45 minutes at 37°C. Dissociated cells were washed and re-suspended in 1x binding buffer. And then, samples were incubated with Annexin V and propidium iodide for 15 minutes at room temperature (RT). Cells were analyzed using FACS Calibur (BD Biosciences, San Jose, CA, USA).
Immunocytochemical staining
To evaluate the expression of ATII-RI genes, fresh and frozenthawed ovaries were transferred into multi-well dish (Nunc, Denmark). To analyze the samples, media was discarded and the ovaries were washed several times with PBS. And then, samples were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 15 min at RT and blocked with 3% bovine serum albumin solution for 12 hours at 4°C. Then, the tissues were incubated with each primary antibody (1:100), rabbit anti-mouse ATII-RI (Novus Biologicals, Littleton, CO, USA) for overnight at 4°C, and washed three times with TBS. Secondary antibodies, goat anti-rabbit 488 IgG (Molecular Probes, Grand Island, NY, USA) was treated for 50 min at 37°C and washed three times with TBS. Finally, 10 μg/mL of DAPI (Sigma-Aldrich) was treated and the images were assessed under fluorescence microscope (EVOS-FL, Life Technologies, Grand Island, NY, USA).
Quantitative reverse transcription and polymerase chain reaction
RNAs were extracted from the frozen and thawed ovarian tissue using Trizol reagent (Invitrogen). One microgram total RNAs and ACCU premix (Bioneer, Daejeon, Korea) were used for the synthesis of cDNAs that were used for polymerase chain reaction (PCR) reactions. Specific primers (Table 1) were added and the reaction was amplified under the following conditions: incubation for 15 minutes at 95°C, denaturation for 20 seconds at 95°C, annealing for 50 seconds at 58°C and 30 seconds for 72°C for extension. All the reactions were executed three times and the expression of cycle threshold value was re-calculated upon the reference of GAPDH expression.
Statistical analysis
All the experiments were conducted in triplicate. Data were expressed as means and standard deviations and compared using the Student's t-test. A significant difference was statistically deemed with p<0.05. Statistical Package for the Social Sciences for Windows (version 12.0, SPSS Inc., Chicago, IL, USA) was used for the data analysis.
RESULTS
Morphological change of mouse ovary before and after freezing (H&E staining)
Follicles at different phases were observed in both groups (Fig. 2) . Following freezing and thawing, a general inspection of ovarian tissue sections revealed a significant increase in the proportion of damaged follicles compared to fresh tissue. Some detached spaces were observed between oocyte-granulosa cell complex and basal granulosa cell layer in the section of ovary after preservation. Post-thaw ovaries showed a similar number of antral follicles, the majority of which became atretic. The arrangement of granulosa cells was uneven in thickness, and some granulosa cells were detached in ovaries after freezing compared to ovaries before freezing. 
FACS analysis of mouse ovaries before and after freezing
We performed quantitative analysis for apoptosis using FACS (Annexin V analysis) for the comparison between fresh and cryopreserved ovaries. In both groups, analyzed populations were heterogeneous (Fig. 3) . Ovaries after freezing showed more enhanced apoptotic population compared to ovaries before freezing (34.9% vs. 5.33%, p<0.001).
Immunocytochemical analysis
To assess the localization of ATII-RI expression on ovary, immunocytochemical staining was performed. ATII-RI expressions were shown in the granulosa cell layer of follicles (Fig. 4) . The follicle of fresh ovaries showed a higher expression of ATII-RI compared to follicles of frozen-thawed ovaries. 
34.9%
Post-thaw changes in the relative expression of angiotensin system member genes and of those related to follicular development
We analyzed the mRNA expression of AT system member genes and those genes related to the follicular development in the fresh and cryopreserved ovaries by Quantitative reverse transcription (qRT)-PCR in order to evaluate the effects of freezing process on these genes. The expression of ATII, ATII-RI, and ATII-RII in ovaries was down-regulated after freezing compared to ovaries before freezing (Fig. 5A) . In contrast to the genes related to follicular development such as bone morphogenetic protein 15 (BMP15), growth differentiation factor 9 (GDF9), luteinizing hormone receptor (LH-R), anti-Müllerian hormone (AMH), anaplastic lymphoma receptor tyrosine kinase (ALK) 2, ALK3, and ALK6 that showed decreased expression, AMH-RII and follicle-stimulating hormone receptor (FSH-R) revealed similar expression when the post-thaw ovaries were compared to those before freezing (Fig. 5B) .
Effects of ROCK inhibitor treatment on post-thaw ovaries
To evaluate the effects of ROCK inhibitor treatment during freezing process on the relative expression of AT system member genes and those genes related to follicular development, mRNA expression from cryopreserved ovaries with or without ROCK inhibitor treatment was analyzed by qRT-PCR. After freezing, the expression of ATII, ATII-RI, and ATII-RII was similar in ROCK inhibitor treatment group compared to non-treatment group (Fig. 6A) . While BMP15, GDF9, LH-R, AMH, ALK3, and ALK6 showed increased expression, AMH-RII, FSH-R, and ALK2 revealed similar expression in ROCK inhibitor treatment group compared to non-treatment group (Fig. 6B) .
Comparison between non-frozen and frozen-thawed ROCK inhibitor-treated ovaries
We analyzed the relative expression of AT system member genes and those genes related to follicular development between non-frozen and frozen-thawed ROCK inhibitor-treated ovaries. The expression of ATII, ATII-RI, and ATII-RII was down-regulated in cryopreserved ovaries with ROCK inhibitor treatment compared to fresh non-cryopreserved ovaries (Fig. 7A) . The expression of BMP15, AMH-RII, and ALK2 was increased, and GDF9 showed a decreased expression in the cryopreserved ovaries with ROCK inhibitor treatment group compared to fresh non-cryopreserved ovary groups (Fig. 7B) . The expression of FSH-R, LH-R, AMH, ALK3, and ALK6 was not different between the two groups.
DISCUSSION
Freezing and thawing is one of the widely used tissue engineering techniques for the preservation of ovaries. Many cells and tissues demonstrate changes in functional gene expression after thawing. We aimed to investigate whether mass freezing with or without the use of ROCK inhibitors up-or down-regulate the expression of ATII, and ATII-RI and -RII genes on thawed ovarian tissues.
From the morphologocal comparison, our results revealed that freezing affects micro-environment of preantral and antral follicles in ovaries. Morphological damage of ovarian tissue from freezing has been reported by many previous studies of murine [20] , bovine [11] , pig [21] , and human [22] . Consistent with the previous reports, the detachment between oocyte-granulosa complex and basal granulosa cell layer was found in our study. This present study showed the trends with similar number of antral follicles with atresia in the ovaries after freezing compared to those before freezing. It is suggested that freezing process could induce "unordered" follicular developmental capacity without numerical changes in the follicle counts. When compared to our morphological findings of apoptosis, the FACS analysis provided more discriminating results suggesting that freezing induced In the analysis of gene expression, all AT system member genes and majority of genes that are related to the follicular development were decreased after freezing except AMH-RII and FSH-R. Our immunocytochemical analysis results for ATII-RI were consistent with the mRNA expression. Several studies have reported the important roles of AT system during the ovarian follicular growth [1] [2] [3] [4] [5] . Affected AT system could be a pivot cause of decreased developmental capacity of follicles in thawed ovaries.
In our results, ROCK inhibitor treatment showed no additional protective effects against decreasing AT system gene expression between fresh and thawed without ROCK inhibitor treatment groups during the freezing process. Similarly, in comparison between fresh and thawed ovaries with ROCK inhibitor treatment, AT system member gene expression was decreased after freezing, albeit with ROCK inhibitor treatment. However, the genes related to follicular development such as BMP15, AMH-RII, and ALK2 showed an increased expression which is comparative to the data from the comparison between fresh and thawed without ROCK inhibitor treatment ovaries in our study. Some previous studies reported that ROCK inhibitors could modulate BMP and ALK families, which is consistent with our results [23] [24] [25] . Recently, a few reports revealed an increasing survival of cryopreserved cells with the use of ROCK inhibitors [12] [13] [14] . Although many questions remain, the activity of ROCK inhibitors is involved in various cellular function such as the regulation of phosphorylation of myosin light chain and many other kinases and cytoskeletal binding proteins [26] , and plays a central role in the apoptosis, migration, cytokinesis, proliferation [27] . A few studies suggested that the ROCK inhibitor activity augmented the function of AT system in renal [16, 17] and vascular system [18] . Our results suggest that the modulation of ROCK inhibitor activity may not regulate AT system during freezing of ovarian tissue. However, considering the previous reports on the effects of microRNAs [28] or sex hormones [29] in the in vitro follicular growth, the efficacy of ROCK inhibitors should be re-evaluated in combination with these factors.
In conclusion, freezing and thawing of ovary tissue may affect the mRNA expression levels of intra-ovarian AT system genes and modulation of ROCK inhibitor activity may not regulate AT system gene expression during the freezing of ovarian tissue. Further studies are necessary for the confirmation of efficacy of other anti-apoptotic agents during freezing and thawing procedures.
